We have developed multifunctional optical beam shapers based on plasmonic metasurfaces. The metasurfaces are composed of subwavelength-spaced polarization-and wavelength-selective optical nanoantennas that allow encoding several beam shapers on a single element. We demonstrate numerically and experimentally beam shapers that can be used to switch between arbitrary beam shapes. We specifically demonstrate switching between onedimensional Airy and Gaussian beams, Hermite-Gaussian beams of different orders, and two-dimensional Airy and Bessel beams. These beam shapers can be used as integrated optical elements in applications that require more than one laser beam shape. Recent progress in nanofabrication tools, with advances in the understanding of the interaction between light and nanostructures, has opened a new frontier in optical sciences-the development of the commonly named optical metamaterials and metasurfaces [1, 2] . Much of the attention that this field receives is due to the fact that it enables engineering materials with unnatural optical properties that cannot be mimicked by conventional optical materials. This can potentially enhance the toolbox of components for optical manipulations. Optical metamaterials are usually constructed by lattices of nanoscale dielectric or metallo-dielectric building blocks, spaced at subwavelength distances. The optical response of metamaterials is governed by the properties and arrangement of their subwavelength building blocks in analogy to the arrangement of atoms and molecules in natural materials. In recent years, many groups have demonstrated optical metamaterials and metasurfaces with new and exciting physical properties, including negative index of refraction [3] , which was used to demonstrate cloaking [4]; hyperbolic dispersion, which was used to show enhanced spontaneous emission; a low effective index of refraction; and superlensing [5] [6] [7] [8] , engineered refraction from ultrathin subwavelength layers [9] , and chromatic polarizers, which were proposed for anticounterfeiting applications and polarimetry [10] . In addition, metasurfaces were used by several groups to develop novel beam-shaping elements [7, [11] [12] [13] [14] [15] [16] .
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In recent years, many groups have demonstrated optical metamaterials and metasurfaces with new and exciting physical properties, including negative index of refraction [3] , which was used to demonstrate cloaking [4] ; hyperbolic dispersion, which was used to show enhanced spontaneous emission; a low effective index of refraction; and superlensing [5] [6] [7] [8] , engineered refraction from ultrathin subwavelength layers [9] , and chromatic polarizers, which were proposed for anticounterfeiting applications and polarimetry [10] . In addition, metasurfaces were used by several groups to develop novel beam-shaping elements [7, [11] [12] [13] [14] [15] [16] .
The metasurface-based beam-shaping elements that have been demonstrated up to date were designed for a single beam shaping functionality. Here, we present the use of metasurfaces composed of arrays of rod-and cross-shaped optical metallic nanoantennas, as new means for designing passive optical beam shapers with multiple beam shaping functionalities. The nanoantennas have a resonance operating frequency that originates from the coupling of incident light to localized surface plasmons (LSPs) [17] . This coupling results in an increase of the absorption and scattering cross section of the nanoantenna, which can grow to several times its physical dimensions [18] . The effective resonance wavelength λ eff can be described empirically by a linear law [19] :
where λ is the free-space wavelength, λ p is the plasma wavelength in the bulk metal, and n 1 and n 2 are coefficients that depend on the surrounding dielectric and the antenna geometry, respectively. The effect of antenna geometry and anisotropy on its resonance was also studied in detail before [20] . Another way to engineer a metasurface response is by controlling the interaction between individual nanoantennas through modifying their spacing and arrangements. For example, for rod nanoantennas placed in an end-to-end configuration, decreasing the distance between the nanoantennas results in a red shift of the LSP resonance, whereas for a side-byside configuration, decreasing their distance will result in a blue shift [21] . In order to develop metasurfaces for multifunctional beam shaping, we combined the local polarization and wavelength selectivity of metasurfaces with methods from computer-generated holograms (CGHs) for phase and amplitude modulation.
In a conventional CGH, the phase and amplitude of an input beam are encoded onto a mask, according to a desired far-field output beam. Specifically, in the case of a binary CGH (bCGH), the two-dimensional (2D) phase and amplitude mask encoding in the transmission function of the mask, tx; y, is given by [22] tx; y
where Λ is the carrier wavelength and ϕx; y is the phase of the Fourier transform of the desired beam shape. The amplitude of the Fourier transform of the desired beam shape, Ax; y, is introduced through the relation Ax; y sinπqx; y. Ax; y is normalized to the range 0-1 and ϕx; y is in the range 0-2π. The desired beam function is obtained at the first diffraction order in the far field by the Fourier transform of the encoding Ux 0 ; y 0 ∝ F Ax; y expiϕx; y. We enhance this concept by constructing the CGH from metasurfaces that introduce strong local polarization and wavelength dependencies. These provide additional degrees of freedom to design the metasurface-based bCGH (mCGH). The transmission function of the mask in this case also becomes a function of the polarization and wavelength of the beam. Formally, tx; y; λ;ê t x x; y; λe x t y x; y; λe y ;
where λ andê are the wavelength and normalized polarization vector of light, respectively. The subscripts stand for x and y polarizations, and t x;y x; y; λ becomes a function of ϕ x;y x; y; λ and q x;y x; y; λ. For each polarization input, x and y, our mask, therefore, acts as a conventional bCGH, independent of the perpendicular polarization, and takes the form of Eq. (2). In this case, the transmitted power Tx; y; λ; φ becomes Tx; y; λ; φ T x x; y; λcos 2 φ T y x; y; λsin 2 φ; (4) where T x and T y are the transmitted power fields aligned along the x and y axes, respectively, and φ is the angle between the polarization vector and x axis. Perpendicularly polarized incident beams will, therefore, experience independent diffraction. In the same manner, the wavelength selectivity of the mCGH introduces an additional degree of freedom, which allows encoding of multiple beam shaping functionalities in a single metasurface. As a proof of concept, we have designed beam-shaping metasurfaces with a dual response that is controlled by the state of polarization. To construct the metasurfaces, we use three types of nanoantenna building blocksvertically oriented rods, which correspond to areas where t x x; y 1; horizontally oriented rods, which correspond to areas where t y x; y 1; and crosses, which correspond to areas where t x x; y t y x; y 0. In areas where t x x; y t y x; y 1, the surface was free of nanoantennas. For simplicity, the frequency response was chosen to be the same for both x and y polarizations.
To fabricate the samples, we used standard e-beam lithographic writing of the masks. Poly(methyl methacrylate) was spin-coated on top of indium tin oxide-coated glass, followed by evaporation of 40 nm of aluminum and a subsequent lift-off process. Aluminum was chosen for its CMOS compatibility, and high plasma frequency, which enables tuning its LSP resonance over the entire visible spectrum [23] . The selected rod nanoantenna dimensions were l 140 nm, w 40 nm, and t 40 nm, where l, w, and t are, respectively, the length, width, and thickness of the rod nanoantennas. These parameters give a strong polarized scattering response in the red part of the visible spectrum (operation wavelength was λ 632 nm). The crosses had the same thicknesses and widths, but the arm lengths were extended to 170 nm in order to correct the shift of their resonance with respect to that of the rod-shaped nanoantennas. It was shown previously [10] that for a single layer of cross nanoantennas with similar parameters, the simulated and measured extinction ratios (areas where tx; y 1 to tx; y 0) are greater than 15 and 2, respectively. The difference between measurements and simulations was attributed to fabrication imperfections. The period of the 2D lattices was subwavelength (p 220 nm) in order to eliminate grating effects. On the other hand, the nanoantennas are still spaced at sufficiently large distances so that the effects of coupling between adjacent nanoantennas on the function of the metasurface are minimized [21] .
As a first proof of concept, we chose to demonstrate switching between Gaussian beams and Airy beams that are nearly nondiffracting beams with unique properties [24, 25] . Figure 1 demonstrates the fabricated mCGH and the experimental concept. We used a binary phase-only mCGH. The size of the mask was 100 × 100 μm 2 and the period of modulation in the x direction was Λ 5 μm for both polarizations. This way both beams diffract at the same angle (α 8.4°) and achieve a perfect overlap. The phase of the two beams was changed between zero phase, ϕ x x; y 0, for generating a Gaussian diffraction and a cubic phase, ϕ y x; y y 3 ∕a, generating an Airy beam at the far field [24, 25] , where a is equal to 1.59 e −7 μm 3 . Figure 1(a) shows an SEM image of the dual-functionality mCGH. The inset reveals the nanoscale structure of the element, which locally changes between horizontal rods, vertical rods, and crosses according to the mask function tx; y; λ;ê. Figures 1(b) and 1(c) show polarized bright-field optical microscope images (the horizontal axis is stretched for viewing purposes). Some regions of the mask are dimmer than others due to imperfections in the fitting of the transmission of the metasurface areas of the cross nanoantennas and those of the rod nanoantennas; however, the polarization response is still observed easily. Fitting of the transmission function can be done by either modifying the spacing between the nanoantennas or by using other fabrication approaches such as using multilayers.
The mask appears blue in transmission due to tuning of the metasurface to operate in the red part of the visible spectrum. Figure 1(d) shows an artistic view of the operation of the element. We used the output of a He-Ne laser, which was normally incident on the CGH mask and the beam polarization was controlled with a GlanThompson-type polarizer. The diffraction orders were then imaged on a screen or camera in transmission and reflection and captured for analysis. The center of the image was blocked artificially to eliminate zero-order transmission. The Gaussian [ Fig. 2(e) ] and Airy [ Fig. 2(f) ] patterns are obtained at the first diffraction order for the two perpendicular input polarizations. The beam shapes and the measured diffraction angle (α 8.4°) showed good agreement with the simulated results.
To show the diversity of the method, we fabricated and tested additional mCGHs generating Hermite-Gaussian (HG) beams. These beams match the spherical symmetry of the resonators [26] and can be used in applications where phase dislocations are important [27] . Figures 3(a)  and 3(b) show a schematic view of the mCGH that was designed to switch between the lowest-order HG beam and the first-order HG beam. The phases of the HG mask for x and y are given by ϕ x x; y π∕2 · signy and ϕ y x; y 0, respectively. Figures 3(c) and 3(d) show the first diffraction order of the two modes, clearly demonstrating the switching between the desired modes.
Thus far, we have shown one-dimensional beam shaping, although the flexibility of the mCGH readily allows us to also generate 2D beam shapes, which are important for a variety of applications [27] [28] [29] . We, therefore, also demonstrated an mCGH that can switch between Bessel beams and 2D Airy beams. The horizontal mCGH phase term is then given by ϕ x x; y x 3 ∕a y 3 ∕a, corresponding to a 2D Airy beam, and the vertical mCGH phase and amplitude terms are ϕ y x; y 0 and q y x; y sin were demonstrated in the past by several techniques, e.g., space-variant subwavelength gratings [7, 11, 12] , nanoapertures [30] , and V-groove nanoantennas [9, 13, 14] . Here, we have extended the toolbox for beam shaping by metasurfaces and have demonstrated multiple beam shaping functions in a single element working in both transmission and reflection. We show that the emerging beams can be independent and can be chosen per application. The multifunctional capabilities of the mCGHs, together with the ease of their design, low cost, and readily available fabrication tools, opens the door for a variety of interesting applications, including integrated beam shapers for stimulated emission depletion (STED) setups [27] , polarization microscopy, and in-cavity multifunctional laser beam shapers. 
